There is great potential for the expansion of the small or micro scale hydropower network. Of the 43 thousand weirs in the UK there are only 500 consented hydro schemes. Planning applications for such schemes require a noise assessment. Noise evaluation of a proposed renewable scheme is often complicated by the turbine sites having distinct noise characteristics in the first instance, which are often caused by the weirs themselves. Three types of weir were studied: Broad Crest weirs were studied in detail; this is complimented by further studies in Flat V and Crump weirs. Flow data was collected for ten sites from the Environment Agency and the National Rivers Flow Archive to assess the collected Sound Pressure Level (SPL) and calculated Sound poWer Level (SWL) in relation to various river flows. Weir head height, width and meteorological data were also collected. It has been shown that the SPL data collection method used was the right choice, as the greatest amplitudes at the water impact interface at all weir types was recorded. SPL and SWL were found to be within a 36e82 dBz and 45e86 dBz range respectively for all weir types. These values can be used in computer simulations of sound propagation. The mean SPL and SWL difference between the weir types are 6.1 dBz and 6.3 dBz. Head height has the greatest effect on SPLs. Attenuation with distance was found to be similar to that of a free field line source in general.
Introduction
Energy security and an increasing understanding of environmental awareness have and are continuing to lead a trend into the diversification of energy supplies [1e3] . According to the Department of Energy and Climate Change [4] , 1.5% of the United Kingdom's (UK) energy was generated from hydroelectric schemes in 2011. This department indicates that whilst the development of further large-scale hydro is limited, there is ample opportunity to develop sustainable small-scale hydro resources. Such schemes are usually "run of river" and constructed on existing barriers to the flow, usually manmade weirs [5] . Studies by Driscoll and others [5e8] indicate that there are 20e30 thousand weirs in the UK alone. Micro-hydropower is one of the energy supplies which are gaining in popularity in the UK, particularly hydrodynamic screws. This type of machine is perceived by many as having few environmental impacts in a water environment [4, 9, 10] ; however this is contested by Ref. [11] . Globally only 5% of the small hydro potential has be utilised [12] . China has the largest installed capacity of small hydro power schemes (SHP), with some 100,000 schemes, and Europe has the second highest level of SHP installations [11] . In contrast, in the UK for example, by end of 2012, there were only some 500 consented hydro schemes [10] . Planning applications for hydro schemes have increased rapidly in recent years within the UK. Full applications more than doubled between 2009 and 2012 and pre applications increased by 1500% in the same period [10] .
In addition to the Town and Country Planning (Assessment of Environmental Effects) Regulations 1988 (where an Environmental Impact Statement (EIS) including an assessment of noise levels would be required in sensitive areas [13] ), previous studies have shown that along with concerns related to fish [10] , there is some public concern related to the noise that these turbines will produce [14] . However, some community schemes, Torrs Hydro, believe that having turbines unenclosed is seen as positive for educational purposes [15] . Resulting in a risk of increased noise in such locations even with the masking effect of the water [16e18] . Noise evaluation at the planning stage is often complicated by the turbine sites having distinct noise characteristics in the first instance, usually caused by the weirs themselves [19] . Further to this, remembering how perceptibly loud a source is when away from that sound, or shown images in a public meeting for instance, may be distorted by the absence of that source [17,20e23] . Baseline data of weir sounds for comparison with that of combined weir and micro-hydropower installations is essential to accurately assess the relative contribution or detraction of the turbine to the sound environment.
The acoustic environment of water features has been studied for a variety of types, often in order to assess the benefits for masking intrusive sounds from roads [16e18]. Many of these features display similarities to weirs. Fastl [24] , Al-Musawi [22] and Galbrun & Tahrir [25] , indicated that increasing flow does not easily generate low frequency sounds in cascades and sloping surfaces in small to medium water features. Al-Musawi [22] continues by indicating that low frequencies can be generated by waterfalls by increasing flow, especially if they have a plane edge and that larger amounts of water produce more bubbles [22, 25, 26] . Extensive works by Leighton [26] examines bubbles in-depth and bubble generation at the hydraulic jump is shown in Ref. [27] , which is relevant as weirs create differing amounts of bubbles and have a variety of hydraulic jump size. Al-Musawi, Galbrun & Tahrir [22, 25] , and Watts et al. [17] also found that the sound generation from all water features studied were mid to high frequency dominant. Width has been shown to have a small effect on Sound Pressure Level (SPL) whereas the head had a significant effect [22, 25] ; though changes in SPL become less and less significant with flow and height. Materials at the impact point also affect the frequency component [22, 25] . For example, impact onto water increases the mid-low frequencies and impact onto hard materials (stone or concrete) or combined water and stone for example increases the higher frequency ranges. Fastl [24] conducted studies on stepped and sloped waterfalls, finding a near linear relationship for stepped waterfall in SPL, with increasing flow, whereas flow did not significantly affect the loudness of sloped waterfalls. Studies have also been carried out in terms of perception of water sounds, relating to the masking effects of traffic sounds, for example [16] .
There are, however, only a very limited number of studies investigating the acoustics of micro-hydro turbines. Johnson et al. [19] examined both the Sound poWer Level (SWL) and the SPL of a micro-hydro turbine and Broad Crest weir. Other data are from manufacturers but rather limited. The limitation of such data often cause great difficulties in estimations of acoustic impacts during planning stage (e.g. Ref. [14] .) This paper will provide information on the existing sound environment around weirs, essential for evaluating the alteration due to the installation of a hydro power turbine. The evaluation of the sound environment around micro-hydropower turbines is essential to assessing a scheme's viability.
With this and the aforementioned in mind, this paper, as part of a larger research project, aims to evaluate several weir types in order quantify the SPL and SWL characteristics, which are important for the understanding of the acoustic effects of weirs, given that existing work has been very limited. It is important to calculate SWL data, for comparison of pre and post development, whether physically or computer simulated, as SWL data is used to determine SPL at a given source-receiver distance in any environment and hence the level of nuisance from the sound [28] . This paper will examine the SWLs and spectral analysis of ten weirs at various river flows and examine the near field environment in order to help to understand the acoustic environments around weir sites. The spatial distribution of several weirs will be shown. Overall, the following questions will be answered: What are the SPLs and SWLs of different weir types? What effect do flow, head, width and type of weir have on SPLs? Are there any correlations between these parameters and SPLs by frequency? What are the spatial distribution characteristics of noise around the weirs?
Methods

Case study sites
A weir, in this paper manmade, is a dam where there is little or no storage, and the water flows continuously over the crest; it can be described as a run of river feature which does not exceed the height of the river banks, but traverses the entire width [27] . There are many types of weir and some of the most common ones can be found in the literature [29, 30] along with idealised sketches. Three main types of weir from these were chosen, namely Broad Crest (BC), Crump (CR) and Flat V (FV). The ten weir sites (A-I) and (Z) studied are shown in Figs. 1 and 2. These were chosen as they are reasonably common on UK rivers [29] . The National Rivers Flow Archive (NRFA) [31] from the Centre for Ecology and Hydrology (CEH) and the Environment Agencies (EA) HiFlows pages [32] were used to identify gauged weir sites and flow data. Table 1 shows the summary widths, water head height and flow ranges [33] of the nine main weirs (A-I). The table also shows ten year flow data for river mean, 95 percentile and 10 percentile flows [34] .
Measurement method
Near field sound pressure level
The methodology for SPL data collection was tested at three sites, B, C & Z; one Flat V, one Broad Crest (stepped) and one Crump weir, as shown in Figs. 1 and 2 . This was to develop and ensure that the method used to measure the greatest source of sound at the weirs, in subsequent data collection periods at the nine main sites, was taken from the loudest point. The measurement points were arranged at 2 m intervals starting at 4 m above the weir crest and ending at the last white water turbulence river interface. As expected, the greatest sound generation is at the water impact point, as annotated in Fig. 2 . Therefore, extra measurement points at the water impact point from the falling water into the weir pool were taken. For the stepped Broad Crest weir a change in the sampling method was utilised as there were numerous water impact points, measurement points were taken at 1 m, 3 m and 4 m.
The main study SPL measurements were taken from a suspended microphone receiver, (receiver B in Fig. 2 ) at an average of 1.6 m above the water's surface, depending on the hydraulic wave position. The distance from the river bank was between 2 and 4 m, which was dependent on river bank height and the angle of inclination. A reference receiver point was on the bank in line with the weir crest (receiver A in Fig. 2 ) approximately 1 m from the bank top. This was to test that the suspended microphone at a height of 1.6 m above the main water impact point was producing higher amplitudes than possible extraneous sounds at site. At each of the nine sites, three, 30-s samples were recorded on four days at four different flows; these samples were then divided into three 5-s samples, excluding the beginning and ends of the clips and any noted external noise periods.
Sound was recorded using class 1 microphones on the Symphonie and NetdB systems (01 dB-Metravib, France) [35] . The SPL, un-weighted (dBz) in 1/3 octaves, was measured at the nine main sites (sites A-I).
Temperatures on the sampling days were between 17 and 23 C on the first three sampling days and 12e20 C on the fourth. Wind speeds were <5 ms À1 on all sampling days and generally tended to zero with gusts up to 5 ms
À1
. Wind direction had a south, southwest tendency on the sampling days.
SPSS 20 was utilised to perform statistical analysis on the SPL data presented in the results [36] . 
SWL Calculation using SPL measurements
From earlier pilot work [19] it was determined that 30-s samples would be sufficient so three, 30-s samples were recorded and divided to test for deviation and eliminate any extraneous sounds where possible. The source-receiver distance was on average 1.6 m and the smallest weir 10 m wide; therefore, the SWL equation (1) below was utilised, for a line source close to a reflecting surface, although some weirs by their nature do not have a single flat face and varying degrees of inclination are apparent as shown in Figs. 1 and 2. The additional reflection from these other surfaces may have an effect; however this is normally only within 3 dB maximum.
where d ¼ water impact point/sourceereceiver distance 1.6(m) average with a range of 1.5e1.7(m), the 0.2 m difference in range would account for a ±0.3 dBz difference. As this is very small it has been omitted within the results.
Spatial distribution method
The NetdB system with class 1 microphones was utilised to collect sound distribution data at three sites, B, C and Z, see Figs. 1 and 2. A basic measurement plan was followed, as shown in Fig. 3 and explained below.
The receivers were placed approximately 1 m from the bank top/water's edge at a height of 1.6 m at 0, 5, 10, and 20 m from the weir crest. Again, three sets of 30-s samples were taken; these were then trimmed to three 5 s intervals to eliminate extraneous vehicular sounds that were time noted at site, and provide standard deviations for the spectral analyses. Data was collected once at each of the sites. Figs. 4D and 5D show that SPLs were found to be within a 36e82 dBz and SWLs 45e86 dBz range for all weir types across the frequency range measured. Total mean dBz (combined frequencies) values indicate that mean SPLs for the weirs are between 63 and 71 dBz With Broad Crest weirs being consistently louder at 67e71 dBz compared to 63e66 dBz for Crumps and Flat V. The mean difference of the SPL and SWL, between all weir types averaged over all frequencies is approximately 6 dBz for both SPL and SWL. Total mean SWL values (across all frequencies) show that the weirs fall between a range of 70e78 dBz. Broad Crests range between 74 and 78 dBz, Crump 71e73 dBz, and Flat V 70e72 dBz. Encouragingly the mean variation in SWL shown in Fig. 5D is small, therefore it should be possible to use this data to predict the SPL and SWL at other weir environments within the size range tested here. Within each weir type the variation is less than 4 dB. This result will provide baseline data for evaluating the changing sound environment from the installation of a micro-hydro scheme. There is some variation between weir types with Broad Crest weirs showing higher SPLs than Flat V and Crump weirs. The Flat V has consistently the lowest SPL, whereas the Crump weirs behaviour depends on frequency; being closer to the Flat V at frequencies (>100 Hz) and closer to the Broad Crest frequencies (<100 Hz).
The higher mean SPLs and SWLs of the Broad Crest weirs are likely to be a function of their size in comparison to the other weir types (see Table 1 ). Observations indicated that the mean amplitude difference between Crumps and Flat V is likely to be a function of the water interface profile differences and bubble burst.
Figs. 4 and 5 show there is a greater dynamic range at low frequencies particularly for Broad Crest weirs. Considering the variation across the frequencies the crump profile is the flattest, with SPL varying the least across the different frequencies. Whereas the Flat V profile has the lowest SPL at the lowest frequencies of the three weir types and the Broad Crest has the highest SPL occurring at 1.6 kHz.
Due to the small number of sites considered the greater variation in the SPL at lower frequencies (<125 Hz) may be due to the individual site characteristics that result in different waterfall effects (e.g. drop height, weir pool depth, cavitation, impacting surfaces.). For instance, impacting surfaces such as the concrete ramp at site I, steps and boulders at site C increase the high frequency components of these profiles. Furthermore, the site with the lowest values at these low frequencies was D for the Broad Crest type. Considering the sites (Fig. 1) , it can be seen that site D was a drowned weir, in comparison to site A which has a large head drop.
The SPL recorded at site D corresponded to water splash elements generated by shear effects with the stone walled riverbank, and there is little cavitation, bubble burst and impact sound at site D due to the presence of a standing water wave and surface water flow profile and therefore less low frequency sound. Site A, in contrast, is a 'typical' Broad Crest weir with a large curvilinear impact point and greater head height, and thus increased cavitation occurs in comparison, with more energy, leading to higher amplitudes (<25 Hz and <125) in relation to site D. Flat V weirs in comparison tended to be smaller in size. Crump weirs have a similar amplitude range to that of Flat V weirs. It is thought that this may be due to the downstream slope of the face of the weir. However, similar amplitudes in the lower frequencies of the Crump type to those observed in the Broad Crest type can be explained by the similarity of a long water impact interface. The results above show that at all frequencies the Broad Crest weirs have higher mean SPLs and SWLs than the other weir types studied. Although at very low frequencies the measured sounds could be from far-distance sources, previous work suggests that these low frequencies (<80 Hz) are a feature of waterfall sounds [17, 18] . Broad Crest and Crump both have higher values than Flat V type weirs at these frequencies; whereas, between (200e630 Hz) and (2 ke20 kHz) Flat V type weirs have higher mean amplitudes than Crumps. Figs. 4D and 5D demonstrate that on average the weir types measured have a spectrum similar to that expected of a broadband signal. Statistical tests showed that based on the estimated marginal means, that the mean difference is significant (p < 0.05) between most weir types, frequencies and especially between Broad Crest and the two other types at all frequencies. These tests also indicated that there was no significant difference between; Broad Crest and Crump weirs at 12.5 Hz, Flat V and Crumps at 160 Hz, 800 Hz, 1.25 ke2.5 kHz and 5 kHz. The pairwise test significance level was not adjusted for multiple comparisons as least significant difference was utilised.
Effect size of flow, width, head and type results
The effect size of flow, width, head, type and site on SPL, as a percentage of variance, is given in Table 2 .
The effect size of these factors on SPL varies by frequency. Generally head has the greatest impact shown by the larger effect sizes in Table 2 . At the lower frequencies (<80 Hz) type and flow have strong effect sizes. This is also the case at higher frequencies (>5 kHz). At some frequencies there is a notable effect from the site. The greater effect of head on SPL may be due to head height being a determining factor in cavitation and bubble jet plume size. Increased flow can also lead to lengthened bubble burst zone. However, increasing flow usually reduces head height (related to the downstream site characteristics) and hence there is a dependency between these two variables. With regards to hydropower, the louder sound from higher head heights at Broad Crest designs may mask noise generated from the scheme at frequencies (<125 Hz). Therefore, since head affects energy output there might be less concerns of changing the sound environment with larger schemes. As shown in Ref. [19] , the diversion of water at lower flows, at a micro-hydropower site, reduce the low frequency component (<125 Hz) and increase the 160e20 kHz frequency components of the sound environment, thus increasing acoustical comfort as found by Watts et al. [17] .
Relationship between measured parameters and SPL by frequency
Pearson's Correlations among width, head, flow, and their correlations with SPL by frequency and by weir type are shown in Table 3 , and a selection (31.5 Hz, 2 kHz and 16 kHz) is shown graphically in Fig. 6 . Significance tests in Table 3 , show that the majority of correlations considered were significant (p < 0.01). In order to compare the site characteristics with SPL it is necessary to understand the relationship with each characteristic. There are significant correlations between width, head and flow respectively. This is unsurprising, as described previously, since a higher flow is likely to reduce the head. At many sites the width of the river will be related to the size of the river, and hence the flow.
Correlations between physical site characteristics and SPL are only shown for Broad Crest weirs. Due to the small number of sites in the other categories and the resulting limited variation in head and flow it was not possible to consider the relationship with site characteristics for these weir types.
For Broad Crest weirs correlations between head and SPL are very strong and positive at high frequencies (>4 kHz), indicating the higher the head the greater the SPL. The opposite effect is seen with flow which gives strong negative correlations at these high frequencies. This is expected, considering the relationship between head and flow. There are strong negative correlations between width and flow at lower frequencies (25e80 Hz). This is also shown with moderate correlations between width and SPL at high frequencies (>2 kHz), with the correlations increasing with frequency.
This work expands on and is in agreement with that of [24] and some agreement with work conducted on small-scale water features [18,19,22,25e27] , where increasing flow does not easily generate low frequency sounds in cascades and sloping surfaces. All the weirs studied here were mid to high frequency dominant (>160 Hz) as [17, 22, 25] , though lower frequencies (<125 Hz) had a high dynamic range. The effect of water impact materials, boulders, steps, concrete ramp, water; impact angle via kinetic energy differences; hydraulic jump features changes; and bubble generation as discussed by Refs.
[25e27] also appears to affect the frequency component in this study. The small effect of width and large effect Table, where the correlations shown are between SPL and: flow by weir type for a low, two high frequencies, width by weir type for a low and two high frequencies, and head by weir type for a low and two high frequencies.
of head shown here was also in agreement with Al-Musawi and Galbrun & Tahrir [22, 25] .
Sound attenuation with distance by weir type
One third octave (average) attenuation in SPL (dBz) is illustrated in Fig. 7 at increasing distances from the weir crest along transect perpendicular to the rivers as shown in Fig. 3 . The curved nature of the attenuation profiles relates to where the main water impact source is; zero metres is not the water impact point, but the weir crest. As expected, higher frequencies attenuate at a greater rate for all weir types, and upstream (negative distance on the x axis) has lower SPL amplitudes than downstream at the same distance (the water impact point distance being taken into account).
At the lower frequencies (<125 Hz), Broad Crest weirs tend to have the highest amplitudes, and average attenuation between the weir crest and 20 m is 3.3 dBz within a range of 2e4.4 dBz (Fig. 7 BC L , FV L , CR L ). Flat Vs' have an average attenuation of 3 dBz and a range of 0.5e7.6 dBz and Crump have an average attenuation of 2.7 dBz in the lower ranges (<125 Hz) and a range of 0.6e5 dBz. The mid frequency ranges (160e1.6 kHz) in Fig. 7 , BC M , FV M , CR M , have the following average attenuation and ranges respectively: 6.7 dBz with a range of 5.5e8.4 dBz; 10.2 dBz with a range of 8.1e14.6 dBz, and 6.0 dBz and with a range of 3.7e7.2 dBz. At higher frequencies (2 ke20 kHz), BC H , FV H , CR H , have the following average attenuations over the 20 m between the crest and receiver: 10 dBz with a range of 6.5e13.7 dBz, 12.8 dBz with a range of 10.5e14.6 dBz and 7.6 dBz with a range between 7 and 8.2 dBz. A noteworthy point here is that the range of average attenuation increases with frequency in the Broad Crest type which is in direct contrast to Flat V and Crump type weirs studied.
The average attenuation of the three weir types is~3 dBz to a distance of L/p, and then~6 dBz with each doubling of distance, where L is the source length. This is approximately consistent with that of a free field line source, where attenuation with distance is 3 dB to a distance of L/p, and where each doubling thereafter tends to a reduction of 6 dBz [37] . There are discrepancies with the Broad Crest stepped weir. In the distance from source to L/p the attenuation is less, and after this distance the attenuation rapidly decreases resulting in greater than 6 dBz with a doubling of distance. The average attenuation between 10 and 20 m is less than 3 dBz, which could be due to the curved nature of the weir and reflections from the weir pool or the large boulders creating further impact sound sources in the downstream section. There are clear profile differences between the three weir types studied here.
All the frequencies in Fig. 7 BC L tend to follow the same curvilinear path. In contrast, FV L displays both positive and negative curvilinear paths, which have a much flatter profile overall. These profiles are in all likelihood a function of near field sound effects as the microphones are well within two source lengths and within the wavelengths at these frequencies. CR L frequency profiles are more tightly grouped and follow a similar frequency profile pattern as in the BC L frequencies but with a less pronounced peak around the water impact point. In the mid frequency ranges (160e1.6 kHz) of Fig. 7 , in BC M , CR M and FV M , it can be seen that these weir types have a similar profile shape to BC L , FV L and CR L , but the individual frequencies are more tightly grouped by SPL. The shape of the profiles displayed in BC H , FV H and CR H become more apparent with increasing frequency. It can be seen that FV H and CR H display similar shaped profiles within these ranges when compared to BC H .
These attenuation profiles follow the theory of higher frequencies attenuating faster, and that low vegetation also leads to Fig. 7 . The average attenuation of sound with distance, by weir type. The first column is the Broad Crest (BC) type, second Flat V (FV) and third Crump (CR). Zero metres is the weir crest, negative values are upstream of this point. Each plot is denoted by their abbreviation followed by a suffix of L for Low frequencies (<125 Hz), M for mid frequencies (160e1.6 kHz) and H for high frequencies (>2 kHz) e.g. BC L Broad Crest Low frequency (<125 Hz.). These denotations do not represent true low, mid and high frequency categories but instead formed a convenient split point for illustrative purposes.
greater attenuation rates in the high frequency ranges [38] . All the sites used in the spatial section had open field situations covered in grass ranging from 0.1 m to 0.4 m. These profiles, Fig. 7 , lend weight to previous results, see Fig. 4 , which show that Broad Crest and Crump have similar dynamic ranges and amplitudes. This is probably due to the physical similarities of the water impact profiles generated by these weir types as seen in Figs. 1 and 2 . As some larger Crump weirs are capable of generating larger low frequency components (<125 Hz) like Broad Crest weirs, installing hydro turbines on these type of weir would be the least likely to generate nuisance.
Conclusions
Growing interest in low head hydro power means there is increasing demand to evaluate the risk of noise from such schemes. However, rivers are noisy places. In order to thoroughly investigate the impact of a hydro scheme on the sound environment it is necessary to first understand how rivers themselves contribute. This study has carried out a comprehensive field study to evaluate the sound environments around a selection of typical low head weir sites. Head has the greatest effect on SPL though, type and width have a large effect at frequencies <80 Hz and some effect at frequency ranges >5 kHz. Special features at each site were found to contribute to the size effect in the 160e20 kHz frequency ranges. Flow was found to have a small effect on SPL amplitudes. The expected strong negative correlation between flow & head was found within the Broad Crest type, and strong to very strong positive correlations at frequency ranges above 4 kHz between SPLs & head were also found. More SPL data is required for validation of correlation between flow and SPL for Flat V and Crump weirs. The average attenuation of the three weir types is approximately consistent with that of a free field line source; however, the Broad Crest weir type is less consistent.
